Photo-induced molecular motion in a liquid crystal polymer film including azobenzene was studied by the heterodyne transient grating method. The film was confined in a liquid crystal cell, where it is a photomobile film under free-standing conditions. By observation of the refractive index change induced by a laser pulse, contraction of the film was observed on the order of several hundreds of nanoseconds, and the subsequent reorientation and molecular rotation dynamics were observed from a few microseconds to a hundred milliseconds. Finally, the cis isomer of azobenzene was thermally returned back to the trans isomer in about ten seconds because the film could not be bent in the liquid crystal cell. Since the contraction, reorientation and molecular rotation took place before the cis to trans backtransformation, these processes correspond to the preliminary molecular motion preceding the macroscopic bending of the film.
Introduction
In soft materials such as liquid crystals (LCs) and polymers, it is sometimes observed that microscopic molecular interactions induce a change in macroscopic properties via the collaborative interactions between molecules, molecular chains, domains, etc., where the molecular-scale change is expanded spatially into the micron-or milli-scale region. This kind of spatio-temporal change has not been fully understood because it is difficult to examine using a single sophisticated measurement technique; nanoscopic or microscopic observation reveals the structural change but not its dynamics, and ultrafast measurements clarify the dynamics of the molecular interactions, but not of the macroscopic change. Thus, we need to observe the spatio-temporal dynamics from the molecular level to the macroscopic level, for a wide time range.
As for interesting soft materials, various polymers and LCs including azobenzene have been proposed as photo-responsive materials [1] [2] [3] [4] for various applications such as photo-mechanical motion, photo-responsive surface modification, 5 rewritable hologram or grating formation, [6] [7] [8] [9] photo-induced alignment 7, 10 etc., and various LC polymers have been developed. 11 Ikeda et al. have developed a series of materials which show a photoinduced bending or motion of the azobenzene LC polymers. 12 In this moiety, the azobenzene connected to the mesogen is subject to photo-isomerization, causing the polymer chain contraction to induce the macroscopic transformation, 3 which is a good example of a small molecular structural change being expanded spatially into a macroscopic change. 4, 13 Interestingly, the LC polymer film showed a polarization dependence of the bending direction, 3, 14 which is due to the collaborative interaction between LC molecules. Furthermore, the macroscopic transformation was reversibly controlled by irradiation with visible and UV light, through controlling the structure of the cis and trans isomers. Utilizing these features, a plastic motor, 15 an inch-sized worm, a robotic arm, 16 and a cantilever 17 driven only by light, were developed. The overall mechanism was understood as the surface region of the film contracting more than its bottom side by excess UV absorption in the surface region. 3 to a LC and revealed the disordering and subsequent reorientation dynamics induced by a light pulse. The disordered alignment of the LC returned back to its original state in a LC cell. [23] [24] [25] The change in the refractive index typically reflects the order parameter for LC samples, from which we can get information on the molecular rotation and the ordering state of the LC molecules in the temporal domain. Furthermore, our technique gives information on the polarization dependence of the refractive index change, which is beneficial for understanding the direction of the molecular orientation or ordering.
In this study, we studied the molecular dynamics in an azobenzene LC polymer film by using the HD-TG technique, combined with the transient absorption (TA) technique. We successfully observed the dynamics over a wide time range, and examined the molecular motions which precede the macroscopic structural change.
Experimental
An azobenzene LC polymer was prepared by the same procedures as reported before. 16 The monomer molecule used was 6-[4-(4- OPM2-502HQ) with a wavelength 4540 nm by using glass filters (Y520 + HA50) and an intensity of 2 mW cm À2 for 2 h.
The final thickness of the film was 16 mm. The film was bent under UV illumination, typically at 10 mW cm À2 , and returned back to its original position by illumination with visible light (4540 nm), typically at 40 mW cm À2 (see Fig. S1 in the ESI †).
The glass transition temperature (T g ) was 24 1C, (the result of the DSC measurement is shown in Fig. S2 in the ESI †) and the dynamics measurements were performed at temperatures higher than T g . The polarized absorption spectrum was measured by a spectrometer (Ocean Optics, USB2000+), which was modified by inserting a plate polarizer before light irradiation of the sample, and the spectrum was measured for the polarization direction parallel and perpendicular to the director axis.
The principle of the HD-TG technique was described in previous papers, 21, 22 and a brief explanation is given in the ESI † (Fig. S3 ). The alignment of the LC cell and the polarization directions of the pump and probe light are also shown in the ESI † (Fig. S4 ). In the HD-TG signal, a refractive index change is induced by a third-order nonlinear polarization, which is given by, for example,
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In this case, the polarization in the x direction is induced by the probe polarization in the x direction and the pump polarization in the y direction. In our measurements, the refractive index change was observed by the probe in the x or y direction. The index changes, Dn x and Dn y , for each probe polarization, in the case of the pump polarization parallel to the LC director, are expressed as 
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xxyy is assumed. The index change is divided into three parts depending on the physical origin, as
where the terms on the right side correspond to the index changes due to the temperature, density, and order parameter. The Dn T term is known to be typically small. The Dn r term is expanded to Dn r ðtÞ ¼ @n @r
Then, the temporal response of this signal corresponds to the thermal grating of the LC. For most LCs, (qn/qr) T 4 0 and (qr/qT) o 0, and then the index change is negative, and also the sign is not dependent on the polarization of the probe. This thermal signal was typically used as a reference of the sign of the refractive index change. The Dn S (t) term is the main cause of the alignment dynamics of the LC, and it can be expanded to
It is noted that changes in the order parameter and temperature give different behaviour in the temporal response. For an oval molecule aligned in the direction of the y-axis, the index change for the x and y polarized light is 25 Dn S;y Dn S;x ¼ a y a x ¼ À2;
where a x and a y are the polarizabilities in the x and y directions, respectively. This is the reason why the sign of the signal for different polarizations of the probe light is reversed for a LC sample. Since this is the case for an ideal oval molecule, the actual ratio is not necessarily equal to 2. The order parameter is defined as S(y) = (3hcos 2 yi À 1)/2, where y is defined as the angle between the director and the molecular axis, and hcos 2 yi
indicates the average of cos 2 y. Looking into S(y), a change in the order parameter is caused by two reasons; a y change due to the molecular rotation, and an ordering change because disordering reduces the average of cos 2 y even for the same orientation angle.
Thus, the dynamics of molecular rotation and ordering changes are monitored by the index change.
In the HD-TG and TA measurements, the pump light was from a Nd:YAG pulsed laser (pulse width: 4 ns, wavelength: 355 nm, intensity: 0.14 mJ per pulse) and the probe light was from a Nd:YVO4 laser (wavelength: 532 nm, intensity: 5 mW) or a laser diode (wavelength: 638 nm, intensity: 5 mW). The diameter of the area irradiated by the pump pulse was 5 mm. The pump intensity was reduced so as not to cause any nonlinear effects or damage, and it was set within the range where the response waveform was proportional to the intensity. The interval between pump pulses was long enough so that the baseline went back to the original value, which was typically 60 seconds. The grating spacing used for the HD-TG measurements was 60 mm. The responses were detected by a photodiode (Thorlabs, DET110), connected to a voltage amplifier (Femto, DHPVA) and the signal was sent to the oscilloscope (Lecroy, Wave Runner 6100A). The LC cell was temperature controlled by a controller (Thorlabs, TC200) with a sheet heater rolled around the cell, from RT to 90 1C.
Results
Typical HD-TG responses for the different probe polarization directions are shown in Fig. 2 . The probe wavelength was 638 nm and the temperatures were 30 and 65 1C. This film was bent at a right angle for 30 s at 65 1C, while it took 240 s at 30 1C. We could observe 5 components in the ranges of o1 ms, 1-100 ms, 100 ms-1 ms, 1-100 ms, and 100 ms-10 s in each response even though the amplitudes were different depending on the probe polarization or the temperature. The signal intensity depended on the pump intensity, but the response time (waveform) did not depend on it. The 1st and 3rd components had refractive index changes with a negative sign for both the probe polarizations, and the other components showed a different sign for each probe polarization. It is noted that the polarization dependence was more anisotropically induced at 65 1C, at which temperature this film is more easily bent than at 30 1C.
The other thing we noted is that the HD-TG signal returned back to the background intensity after several tens of seconds, which means that the film returned back to its original state. Even though the film is bent and remains this shape after UV irradiation under free-standing conditions, it is supposed that in this case it was not bent due to the mechanical stress caused by confining the film in the LC cell. Thus, initially the molecules and the molecular chains were trying to move, but they relaxed and did not extend into a macroscopic structural change.
First, we assigned each component and the probe wavelength dependence is shown in Fig. 3 . We observed the decrease in the decay time for the 5th component by changing the wavelength from 638 to 532 nm for both probe polarizations, although the other components showed only a slight intensity change. It is well known that the cis isomer of azobenzene has a small absorbance at 532 nm, 11 and also the bent state of this film is known to return back to the original state by irradiation with visible light, which includes the wavelength region of 532 nm. Thus, it is considered that the last component corresponds to the back-transformation from the cis to trans isomer, which was accelerated by the green laser. Next, TA responses were measured at 532 and 638 nm; no responses were observed at 638 nm, and an absorption increase at 532 nm was observed for both polarizations. The comparison between the TA and the HD-TG responses is shown in Fig. 4 . As we have discussed, this absorption corresponds to the absorption of the cis isomer. The decay times for the TA responses at 532 nm agreed well with those for the 5th components in the HD-TG responses, which supports the assignment of this component. The other point is that the TA responses gave only this component, which implies that the other components in the HD-TG responses originated not from the azobenzene, but from the LC polymer. Since the back-transformation from the cis isomer to the trans isomer took place over hundreds of milliseconds to a few tens of seconds, the dynamics observed in advance of this process are supposed to be due to changes induced by the cis isomers, corresponding to preliminary changes before the macroscopic structural change, which was prevented by the LC cell in this experiment.
The thickness dependence was studied, and is shown in Fig. 5 . For the thinner sample, the 3rd component at 100 ms to 1 ms was lost in the response, while the other components did not change. As was explained in the experimental section, the component without a probe polarization dependence of the signal sign is supposed to have a thermal origin. Furthermore, the time region for this component is a typical thermal response time for polymers or thin films. 26, 27 It is reasonable that this component was caused by the density change due to temperature increase, which was lost when the film thickness was decreased, because a thinner layer caused a smaller phase change for the probe light, which is the origin of the HD-TG signal. The thermal diffusion time did not depend on the temperature so much, which indicates that the thermal conductivity of the film was similar for both temperatures, but it looks slightly faster for a probe polarization parallel to the molecular orientation than for a probe polarization perpendicular to the molecular orientation, which indicates the anisotropic thermal property of the film. A sample before polymerization was measured, which was just a mixture of the monomer and the crosslinker, and the result is shown in Fig. 6 . We found the 5th component, corresponding to the transformation from the cis to trans isomer, but the signal intensity was around one-fifth of that for the polymerized samples, and no remarkable response except for the photo-isomerization was observed, although an unknown small response was observed at o10 ms. Thus, it is thought that the 1st, 2nd and 4th components originate from the LC polymer.
Discussion
With regard to the 1st component, like the 3rd component, the changes in the refractive index showed negative signs for both probe polarizations, which indicate that the corresponding process is an isotropic change. Since the temporal range was of the order of hundreds of nanoseconds, and the thermal response was assigned to the 3rd component, this is caused by an isotropic change not of thermal origin. Because azobenzene itself is photoisomerized at least within several tens of picoseconds, 28,29 the time response was too slow for this process. Thus, it is considered that this corresponds to an isotropic polymer structural change followed by the photo-isomerization of the azobenzene molecules. Since the sign of the refractive index change was negative, the corresponding change is the contraction of the LC polymer. This is consistent with the explanation that the photo-irradiated region contracted when the film was bent. The 2nd and 4th components were observed in the microsecond to millisecond region. In previous studies 24, 25 on the dynamics of LCs when they were structurally disordered by a pulsed laser, there were typically two processes; reorientation due to the molecular rotation, and molecular ordering. Thus, it is considered that the 2nd and 4th components correspond to these. In studies on the phase transition dynamics of LCs including azobenzene by using transient absorption 30 and transient reflectivity 31 measurements, the motion of the LC molecules occurs over the temporal range of hundreds of microseconds, where the molecules are rotated and disordered. The time-scale for this process agrees with that for the 2nd component, which suggests that this corresponds to the molecular rotation process. On the other hand, photo-induced formation of a holographic grating for an azobenzene polymer takes several tens of milliseconds, 32 where the molecules are orderly aligned causing a refractive index change. Since this time agrees with the time constants for the 4th component, it would thus correspond to the reorientation process in the state including the cis-azobenzene. The unknown process observed only for a sample before polymerization, observed around o10 ms, will correspond to the rotation and reorientation processes, which are smaller in signal intensity and faster than those for the polymerized sample. It is supposed that the collective molecular motion is less organized than for the polymerized sample, causing a smaller refractive index change, and that the flexible molecular structure results in a faster motion of the molecules. However, these rotation and reorientation processes were not clearly separated and it is supposed that they proceed over the same time from 10 ms to 100 ms. Since the back-transformation from the cis to the trans isomer proceeds on a time-scale slower than 100 ms, the rotation and reorientation processes correspond to the molecular motions during which the film becomes a quasi-stationary state including cis-azobenzene, which would be the preliminary molecular realignment for bending. The transient response was extended over a wide temporal range, and could not be fitted with a simple function such as a combination of exponential functions, and we need to further study the molecular dynamics by comparing the responses for different monomer ratios, temperatures, and thicknesses, etc. In our measurements, the LC polymer was not actually bent due to confinement in the liquid crystal cell, and we observed that the force applied to the LC polymer was gradually relaxed in the cell by the backtransformation from the cis to the trans isomer.
One thing to note is that the refractive index change was more anisotropic at 65 1C than at 30 1C, and this can be interpreted as more molecules moving in the direction parallel to the orientation direction and less molecules moving in the direction perpendicular to the orientation direction. This is consistent with the fact that the film is easily bent at 65 1C because of the larger collaborative molecular motion in a specific direction.
Conclusions
We studied the molecular dynamics induced by photo-irradiation of a LC polymer film including azobenzene, which is well known as a photomobile plastic. We successfully measured the anisotropic response via the refractive index change, and volume contraction, rotation and reorientation dynamics were observed over nanoseconds to milliseconds, which are the preliminary molecular dynamics before macroscopic bending. This methodology gives a deep understanding of the temporal expansion of molecular interactions to macroscopic change. However, the study of the dynamics with regards to spatial or directional change is still lacking, and we need to add more structural information by combining microscopic observation, which is now being studied. Furthermore, we need to understand the difference between the molecular motion of the free standing film and that in the LC cell in this study, to clarify the actual motion when bending occurs, and it would help the development of new materials if such information could be related to the mechanical properties and the response time.
